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Ischemia-reperfusion (I/R) injury model has been widely applied to the study of microcirculation
disturbance. In this work, we used laser oblique scanning optical microscopy (LOSOM) to observe the
microcirculation system in the mesentery of rat model. Utilizing a localized point-scanning detection
scheme, high-contrast images of leukocytes were obtained. The extended detection capability facilitated
both the automatic in vivo cell counting and the accurate measurement of the rolling velocity of leukocytes.
Statistical analysis of the different treatment groups suggested that the distinction between I/R and sham
groups with time lapse is significant.
T
he application of optical microscopy in biological observation is very straightforward, but often challenging
as biological specimens are usually lack of sufficient contrast. To increase the contrast, staining (both with
chromatic and fluorescent dyes) has been widely employed, especially in the field of cellular and tissue
sectional imaging1. However, because the stainingmay alter the biological process of interest, and that the result of
imaging can also be affected by staining efficiency and its different protocols, the staining-based approaches can
not be applied tomany clinical applications2. One solution to improving weak (low contrast) signal detection, is to
increase the sensitivity of the detector, for example, by using multiplying amplified detectors such as photo-
multiplier tubes (PMT) or by using an electron multiplying charge coupled device (EMCCD). For instance,
benefiting from its high sensitivity of the point detecting PMT, the confocal laser scanning microscopy (CLSM)
has been widely used in both biological cellular study3 and clinical imaging4. We have reported that, with the
reflection and autofluorescence of the biological tissue, early diagnosis of melanoma is possible with multi-
modality confocal microscopy5. Yet, as normal tissues have relatively low concentration of high-refractive index
components such as melanin, these can be difficult to visualize directly with adequate signal-to-background
contrast ratio.
To overcome the difficulty of the weak signal detection, we have previously developed a new image contrast
mechanism, which we termed Laser Oblique Scanning Optical Microscopy (LOSOM), in which a fluorescent
contrast enhancing medium is employed above the specimen, to serve as a new oblique light source for illumina-
tion of the specimen6. Taking advantage of its localized illumination feature and the sensitivity of the single point
detector such as a PMT, LOSOM has demonstrated greater sensitivity than that shown with conventional
microscopy. We have shown that, even with highly fluorescent stained specimen, LOSOM can overcome this
unwanted signal and still provide phase-relief imaging.
In this study, we applied LOSOM to the visualization of dynamic pathophysiological changes in vivo, and we
demonstrated the capability of enhancing the local contrast of the absorption imaging. We chose a rat mesentery
ischemia-reperfusion (I/R) injury model to observe the microcirculation disorders intravitally. I/R injury occurs
in a wide range of pathological changes and diseases, including trauma, vascular reflow after contraction,
percutaneous transluminal coronary angioplasty, thrombolysis treatment, organ transplantation, and hypovo-
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induced microcirculatory disturbance is the pathological basis of I/R
injury, which consists of injury of endothelial cells, adhesion of leu-
kocytes8,9, production of oxygen radicals10–12, and degranulation of
mast cells12,13. Rat mesentery I/R model is a commonly used I/R
model for the study of microcirculatory dysfunction11,14–17. In this
report we used the LOSOM system to observe leukocytes rolling and
adherent in rat mesentery (see schematic Figure 1). High contrast
images of the rolling leukocytes can be obtained with our LOSOM
technique as it facilitates automatic cell counting with extended cap-
ability for accurate velocity analysis. In this study, statistical analysis
of the data suggests that the distinction between I/R and sham groups
after time lapse is significant (p , 0.05). The successful demonstra-
tion of LOSOM with this I/R model suggests a novel analytical
approach to the study of microcirculation pathology.
Results
Figure 1 illustrates the setup of the LOSOM system for in vivomon-
itoring of the rat mesenteric microcirculation. Details of the system
can be found in Methods and Materials. Figure 2 shows different
locations of the mesentery tissue of the rat. LOSOM is able to clearly
differentiate the adipose tissue, blood vessels and lymphatic vessels.
By adjusting the focal plane and illumination angle6, the appearance
of the tissue differs and is presented as Figure 2a, 2b and 2c. The
surrounding tissue appears in pseudo-three dimension due to the
phase-relief imaging capability of LOSOM (Figure 2c), which offers
additional information of optical thickness during the same scanning
procedure (Figure 2a and 2b). In the following study, we study the
leukocytes rolling and adhesion in venules instead of arteries or
arterioles, because the speed of blood flow in venules is gradual
enough to be observed with LOSOM.
Figure 3 consists of eight successive frames and an image
(Figure 3a) as a baseline at the beginning of observation. Most leu-
kocytes flowed with the erythrocytes, and are difficult to distinguish
and capture. However, when endothelial cells are dysfunctional,
some leukocytes slow down and roll along the venular wall, or
become adherent to the vessels where they usually produce reactive
oxygen species. In Figure 3a, the yellow arrows indicate the venule
and the capillary respectively. Leukocytes were seldom visualized
during observation. After 90 minutes in the frames Figure 3(b–j),
some leukocytes marked by red arrows, were adherent to the venular
wall. In these images, due to different places shown in the registered
images, rolling leukocytes indicated by the blue arrows were also
detected.
By measurements of the distance traveled by one leukocyte
between two frames, its moving velocity was calculated. As shown
in Figure 4, four images were acquired over a four second
sequence, and demonstrate a leukocyte (indicated by a white
arrow) in each frame rolling along the venular wall. After mea-
suring the vertical distance and angle between the vessel and
horizontal direction, the speed of its shifting was nearly 38.5 6
7.2 mm/s. Notably, if the direction of vessel is parallel to the scan-
ning direction, the leukocyte may be extended to a short line in a
single frame due to the relatively slow imaging speed (1fps). The
rate could also be analyzed from the relationship between scan-
ning speed and quantity of occupied pixels if the size of leukocyte
can be assumed to a specified shape.
Twelve rats were divided into two groups: one was induced by I/R,
while the other was manipulated as a sham group. Figure 5a is an
average of ten images, corresponding to single frame 5b at the same
time. 5c is a subtraction result between 5a and 5b, that is, 5a is treated
as a baseline or background of 5b. Thus, the Figure 5c is acquired as
‘‘c5 b2 a’’. Based on the analysis procedure described in the section
on Data processing in the Materials and Methods section, the num-
ber of leukocytes in 5c is counted to be twelve, and is shown in 5d
labeled with its corresponding numbers. In Figure 5d, some areas are
shown with suspect white points without numbers labeled and are
probably the leukocytes situated beyond the focal plane since their
sizes mismatch the desired size of a leukocyte. The image processing
is thus confined to the analysis of the quantity of leukocytes within
the focal zone. The red arrows among 5b to 5d are all indicating the
same cells. By filtering out the background signal, cell counting can
become automatic, and incur less interference from artificial errors
Figure 1 | Schematic LOSOM system for in vivo rat mesenteric
microcirculatory monitoring. FP: fluorescent plate; Ob: objective (NA 5
0.3, Nikon, Japan); TL: tube lens; IP: intermediate plane; SL: scan lens; GX:










Figure 2 | Different locations of a rat mesentery under the LOSOM. (a) A is the root of a venule and B denotes ambient adipose tissue. (b) C indicates a
lymphatic vessel; D points lymphocytes and E marks adipose tissue. (c) F is a mesenteric arteriole and G shows surrounding mast cells. Scale bar: 30 mm.
www.nature.com/scientificreports
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resulting in a higher analytical speed. Following such an analytical
procedure, the numbers of counted cells from each of these twelve
rats for the same observation duration (0 to 90 min) are presented as
Figure S1 in the Supplementary Information document.
Figure 6(a–e) shows a time-lapse series of processed images of
leukocytes in a typical sample from the I/R group for 90 min (see
Movie S1 and S2), while Figure 6(f–j) are sampled from the sham
group (see Movie S3 and S4). In order to present surrounding back-
ground of each sample, 6a and 6f are treated as the original average
images. Figure 6k is the statistical result for the I/R group, when
normalizing all data to baseline. After statistically analyzing using
the one-way ANOVA with Turkey post-test calculation at different
time points, Figure 6k reveals the relationship between the number of
leukocytes and the time taken. Although it fluctuates largely (see the
minimum to maximum numbers at each time point), the accumula-
tion of leukocytes increases with time lapse after the I/R is induced.
Compared to the baseline, the differences in number of leukocytes
are significant (p , 0.05) at 60 min, and extremely significant (p ,
0.001) at 90 min. Similarly, it is highly significant (p , 0.01) when
the result is compared for the 90 min and 10 min segment. Figure 6l
compares I/R and sham groups at different time, when normalizing
all data to its own baseline. Two-way ANOVAwith Bonferroni post-
test method is employed to reveal the interaction between two fac-
tors, time and treated methods. From the present result in 6l, it is
clear that nomatter what operatedmethod, I/R or sham, the quantity
of the leukocytes increases with the time taken. However, the growth
ratio coming from different groups is distinct. At 90 min, the growth
ratio of quantity of accumulated leukocyte in I/R group has a signifi-
cant difference (p , 0.05) compared with that of the sham group.
Therefore, our experiment reveals how these two factors, the time
taken and the treatment methods, influence the growth ratio of leu-































Figure 3 | Time lapse results of adherent and rolling leukocytes in a rat mesenteric venule in vivo. (a) is the beginning of an observation, as a baseline,
and the yellow arrow A denotes a mesenteric venule while the yellow arrow B is a capillary. (b)–(i) Series of observation of leukocytes rolling after 90
minutes has elapsed. Compared to (a), C, D cells indicated by red arrows are adherent leukocytes, and the other cells (E, F andG) indicated by blue arrows
are rolling leukocytes along the venular wall. From (b) to (i), the time interval is 1 second. Scale bar: 30 mm.




Figure 4 | Tracking one rolling leukocyte along the venular wall to simply estimate the rate of leukocyte rolling in a ratmesenteric venule. Compared to
a former panel, the relative vertical distance is 29.3 mm (b–a), 34.5 mm (c–b) and 42.5 mm (d–c), respectively. The average angle between vessels and
horizontal direction is 113u. Time interval of sequent image is 1 second. Scale bar: 30 mm.
www.nature.com/scientificreports
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Discussion
Since there are anastomotic branches between the mesentery artery
and the vein, merely clipping the superior mesenteric artery (SMA)
would not completely occlude the blood flow. In addition, SMA
clipping with high pressure damages the vessel wall, while at low
pressure would not block the blood flow effectively. Therefore, we
tested an improved approach to establishing the mesentery ischemia
and reperfusion model, i.e., occluding the mesentery artery and the
corresponding vein simultaneously. Our previous research demon-
strated that ligating the feeding branch of the anterior mesenteric
artery and the corresponding vein simultaneously, consistently
ensures the establishment of an ischemia model14,15. It’s worthy of
note that the simultaneous ligation of the SMA and the superior
mesenteric vein is one of the classic mesentery ischemia and reperfu-
sion models, and is as commonly used as SMA clapping14,15,18,19. In
this experiment, our focus was the observation of leukocytes rolling
and adhesion. The blood flow in arteries or arterioles is too fast to
observe the leukocytes rolling and adhesion after reperfusion.
Therefore, venules have been commonly used to study the leukocytes
rolling and adhesion20–26.
LOSOM is applicable to organs with high transparency (low scat-
tering) and tissues that are accessible, such as the mouse ear, inter-
digital skin, intestine, the edge of hepatic lobe, the subcutaneous
tissue, or the cremaster muscle, etc. Other specimen such as cells,
zebra fish, embryos etc. are also compatible with this technique,
owing to their overt transparency. The imaging depth is limited by
the scattering nature of the tissue, just as in other optical microscopy
techniques. We have tested the phototoxicity of excitation light at
375 nm using human umbilical vein endothelial cells. The result
showed that the cell death rate remained at 9% after 30 seconds of
illumination (original condition) and was not significantly different
to the control group which was at 6%. However, the cell death rate
increased to 25% after 300 seconds of illumination, demonstrating
that excitation light at 375 nm is safe when used with our original
experimental condition, but will become phototoxic if the dose
increases by 10 fold. Details of this can be seen in Figure S2 in the
Supplementary Information document. As the contrast in LOSOM is
provided by the difference of absorption or refractive index, longer
wavelengths can be used with its corresponding fluorescent medium.
The advantage of using longer wavelength is that not only does it
provide better contrast due to less scattering, but it can also be less
phototoxic to the specimen observed.
In conclusion, we demonstrated the application of LOSOM to the
monitoring of the mesentery microcirculation in vivo in rats, espe-
cially to the imaging and counting of rolling and adherent leukocytes
in an I/R injury rat model with a sham control. LOSOM offers a new
platform for the high-contrast staining-free imaging of the condition
and velocity of cells such as leukocytes, but also with cells such as
lymphocytes, mast cells and adipocytes. After the subtraction of the
static background, this technique also offers the extended capability
for the automation of cell counting. Hence, it provides greater accu-
racy and faster processing speed withminimized errors, compared to
that found with manual microscopic counting. Taking advantage of
its point-scanning detection sensitivity, LOSOMhas achieved higher
signal-to-background ratio than its wide-field counterparts. Thus,
the high-contrast label-free imaging of biological tissues, as shown
in this study, is now more practical.
Future work on LOSOM could explore its performance in multi-
modality imaging applications for enhancing the observation of the
microcirculation. Primarily, LOSOM could be used for more rapid
scanning and image acquisition, and may benefit broader applica-
tions of real-time in vivo imaging of many dynamic process in bio-
logical samples27–29. The imaging speed is limited by two factors: (1)
the sensitivity of the PMT detector and the fluorescent light gener-
ated by the fluorescent medium. As the imaging contrast is based on
the absorption difference between the leukocytes and the surround-
ing erythrocytes, this can be readily accelerated when strong fluor-
escent medium is employed, or with a high speed detector that has a
low noise level. (2) The speed of galvanometric scan can be improved
by scanning a smaller field of view (FOV) or rectangular FOV with a
higher aspect ratio, or by using alternative scanning mechanism,
such as a resonant scan or polygon mirror scan. Moreover, because
LOSOM has its inherent capability to image fluorescent samples6, it
becomes feasible to study the reactive oxygen species generated by
the leukocyte movement after I/R injury in the mesentery of rat,
based on the applications of responsive molecular probes. It may
be further likely that it could provide a manifest direction for the
drug delivery against I/R induced microcirculatory disturbance.
Methods
Animals. Male Wistar rats weighing 200,250 g were obtained from the Animal
Center of Peking University Health Science Center (SCXK 2006–0008). The animals
were housed in an environment with temperature of 24 6 1uC, relative humidity of
50 6 1% and a light/dark cycle of 12/12 hr. They were given tap water and standard
laboratory rodent chow (Animal Center of All Animals Peking University Health
Science Center).
Previous to the experiment, rats were fasted for 12 hr but allowed to freely drink.
All animals were handled according to the ethical guidelines of the Peking University
Animal Research Committee, and the surgical procedures and experimental protocol
were approved by the Committee on the Ethics of Animal Experiments of the Health
Science Center of Peking University (LA2011-38).
Microcirculation observation and I/R operation. The rats were anesthetized with
urethane (2 g/kg body weight, i.m.), and the right jugular vein was cannulated for
saline infusion. After abdomen opened (2–3 cm long middle incision), an ileocecal
portion of the mesentery was gently mounted on a transparent plastic stage designed
for the rat. The mesentery was kept warm and moist by continuous superfusion with
normal saline at 37uC. The whole rat was placed on a stage of an inverted microscope
(TE2000E, Nikon, Japan), but illuminated and detected by LOSOM instead of wide-
field microscope. Single unbranched venule with diameter ranging between 30 and
50 mm and length longer than 200 mm was selected for the study13.
After 10 min of basal observation of the rat mesenteric microcirculation, the I/R
was accomplished by ligating the feeding branch of the anterior mesenteric artery and
the corresponding vein simultaneously with a snare created from polyethylene tube
for 10 min and subsequent release of the blood flow. Erythrocyte velocity in the





Figure 5 | Results of cell counting. (a) The average of 10 sequent venular
images at the beginning of observation, act as a baseline. (b) Single frame of
instantaneous blood flow containing leukocytes (red arrows), corresponding
to the same experimental conditions as the baseline. (c) Processed Result of
(b–a), arrows correspond to (b), scale bar: 30 mm. (d) Result of cell counting
analyzed was with ImageJ, with cells labeled by numbers.
www.nature.com/scientificreports
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the observed area. Thus both artery and vein were ligated to stop blood supply and
induce venule congestion to enhance ischemia. A previous study showed that 10-min
ischemia followed by reperfusion was long enough to induce mesenteric microcir-
culatory disturbance with minimum intestinal tissue injury30. Sham-operated rats
without ligation were used as control15.
LOSOM instrumentation. LOSOM setup and theorem analysis have been described
in5,6 at great detail. For details of the resolutions and exposure time of this study can be
found in Supplementary Information document. In Figure 1, the anesthetic rat was
plated on an object stage, while covering a piece of printing paper (2 cm 3 2 cm in
size, as a fluorescent medium) above the observed mesentery outside the body.
Because of the paper does not contact themesentery, potentially external influence on
the microcirculation is unlikely. First, the 375 nm laser scans a raster plane after
passing through two galvanometers (Nutfield Technology, USA), and then excites the
fluorescent medium above the mesentery tissue to emit fluorescence, in order to
illuminate the observation area of interest. Next, a dichroic mirror and a bandpass
filter were used to separate the wavelength with mesenteric information of the light
path so that there was no mixing of laser and fluorescence illumination. Finally, the
fiber-based PMT (H9305-02, Hamamatsu, Japan) collected the fluorescent signals
transmitting through the dichroic mirror to the image frame (shown in the zoom-in
panel in Figure 1).
Data processing. Single frame images of Figure 2–6 are presented in raw data.
Averaged images of Figure 5–6 were calculated from 10 sequent frames registered
with Rigid Body Registration by the plugin of StackReg in ImageJ31. The processed
images in Figure 5 and 6 are acquired by subtraction, that is, single frame subtracts
corresponding to the average image. In this work, the field of view is set to 200 3
267 mm, with 300 3 400 pixels per image. The pixel dwell time is 8.3 ms, with the
frame rate at 1fps. The lateral and axial resolution are measured to be 1.23 mm and
13.15 mm, respectively (see Figure S3 in Supplementary Information). Based on prior
knowledge, the size of each leukocyte is estimated around 6,10 mm, so the processed
images the diameter is equivalent to 9,15 pixels.
Statistical analysis. Data was reported as Mean 6 SD, with SD the abbreviation for
standard deviation. Statistical analyses are performed using statistical analysis
software (GraphPad Prism, version 5.0). ANOVA is the abbreviation for Analysis of
Variance. P values of less than 0.05, 0.01, 0.001 are considered statistically significant,
highly significant, and extremely significant, respectively.
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respectively. Scale bar: 30 mm. (k) Result of one-way ANOVA with Turkey post-test analysis, showed a significant result with the time course of the
changes in the number of leukocytes in the I/R group. *p , 0.05 vs baseline; ***p , 0.001 vs baseline; {{p , 0.01 vs 10 min. The whiskers show the
minimum and maximum at different time, respectively. The short lines in box are median values of different groups at different time. The plus ‘‘1’’
indicate the mean values at different time. (l) Result of two-way ANOVA with Bonferroni post-test analysis, shows an interaction between two factors,
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